The structural, optical and electrical properties of un-doped and (Al,Er) co-doped zinc oxide (ZnO) powders synthesized by hydrothermal method were investigated. The obtained samples were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), energy-dispersive spectroscopy and magnetic measurements. XRD results reveal that the incorporation of Al and Er in ZnO matrix leads to the formation of a nanostructured hexagonal (würtzite) ZnO structure and a-Al 2 O 3 secondary phase. Highresolution transmission electron microscopy image also shows the hexagonal shape of the ZnO nanoparticles. The magnetic behavior of the nanoparticles changes with concentration of dopant elements due to the competition between oxygen vacancies, secondary phase effect and exchange interaction between dopant elements.
Introduction
Development in materials technology over the last few years realizes the usage of wide-band gap semiconductors for various optoelectronic device applications. The semiconductor ZnO is an attractive material in the research community. It has a wide range of properties that depend on doping, including a range of conductivity from metallic to insulating (including n-type and p-type conductivity), high transparency, piezoelectricity, wideband gap semiconductivity, room-temperature ferromagnetism, and huge magneto-optic and chemical-sensing effects.
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ZnO can be doped with a wide variety of ions to meet the demands of several application domains. [2] [3] [4] The elements used for doped ZnO are part low valent metals (Al, In, Ga) belonging to group III of the periodic table and rare earth elements (lanthanides) (Er, Nd, Sm, Eu, Tm). Al has been the most used dopant element due to its small ionic radius and low material cost. Al doped ZnO nanopowders possess room temperature ferromagnetism. 5 In addition to that, the substitution of Zn 2+ ions with Al 3+ in ZnO lattice improves the electrical conductivity through the increase of charge carriers where it is reported that the electron concentration increases from 10 16 to 10 21 /cm À3 . 6 Dghoughi et al. 7 reported that 5 mol% Al doped ZnO lm exhibited the preferential (002) orientation, and it also had a high transmittance, and minimum resistivity. Effects of the doping concentrations and annealing temperatures on the properties of the high oriented Al-doped ZnO lms were deeply investigated. 8 ZnO nanoparticles (NPs) doped with rare-earth ions are expected to be novel optical materials because of their sharp and intense optical emission spectra. 9 Er-doped ZnO has attracted attention for use in optical communication applications because of its 1.54 mm emission. 10 Lamrani et al. studied the effects of the dopant erbium on the structural, morphological, luminescent and nonlinear optical properties. 11 They found that addition of erbium could effectively control the lm surface morphology and its cathodoluminescent properties, and that the best crystallization and morphology were obtained at lower Er doping concentration. Chen et al. 12 reported that, when the dopant Er was added, the crystalline quality of the doped ZnO lms decreased due to the oxygen deciency. Zhang et al. 13 reported that the photoluminescence of Er-doped ZnO had an improvement in the visible emissions, compared with that of the pure ZnO, which was attributed to the defects or vacancies in the doped lm.
The co-doping ZnO with erbium and aluminum ZnO:(Al,Er) could signicantly improve its responses to visible light. hydrothermal method. This technique is a promising alternative synthetic method because of the low process temperature, its suitability to any type of doping and very easy to control the particle size. The hydrothermal process has several advantages over other growth processes such as use of simple equipment, catalyst-free growth, low cost, ease of large scale production, eco-friendly and less hazardous. 16 This method has also been successfully employed to prepare nano scale ZnO and other luminescent materials. The inuence of Al and Er dopants on the properties of ZnO were analyzed by performing various spectroscopic investigations using XRD, TEM, EDX and magnetic characterizations.
Experimental details

Synthesis
The pure and co-doped ZnO NPs with Er and Al were prepared by hydrothermal synthesis method to study their structural and magnetic properties. The chemicals used in the experiment are zinc nitrate Zn(NO 3 ) 2 , erbium nitrate Er(NO 3 ) 3 and aluminum nitrate Al(NO 3 ) 3 (Table 1) .
For un-doped ZnO NPs, 4 moles of zinc nitrate Zn(NO 3 ) 2 were dissolved in 20 ml of ethylene glycol resulting in mixture of brown dispersion. Aer that, 8 moles of NaOH dissolved, separately, in 8 ml of water were added drop by drop to the above solution (500 ml in one min). For co-doped ZnO NPs, a predetermined quantities of Er(NO 3 ) 3 and Al(NO 3 ) 3 were added to the above mixture. The mixture was maintained under agitation during 2 hours and then transferred in a container containing 45 ml of acid solvent. The hydrothermal treatment was carried out at 165 C during 24 hours. The remaining solution was washed with distilled water and ethanol to separate impurities attached with nanoparticles. The as formed solution was kept in an oven at around 100 C till the precipitate dried and nally grinded to obtain powder.
Characterization
The structural characterization of the samples were studied using X-ray diffraction (XRD, X'Pert Pro Super, Philips Co., the Netherlands) at room temperature, with monochromatic Cu-K a (l Cu ¼ 1.54156Å), in a (q-2q) Bragg-Brentano geometry. The scan range was carried out between 20 and 90 with a step increment of 0.02 . High resolution transmission electron microscopy analysis was done by using JEM-2010 transmission electron microscope operating at 200 kV equipped with energy dispersive X-ray (EDX). Magnetic properties were measured by a Quantum Design superconducting quantum interference device (SQUID) magnetometer. We used a kind of plastic sample holder and cotton to x the powder then we measure the sample holder and cotton alone as background, which will be removed aer measuring our samples.
Results and discussion
Structure and microstructure analyses
The XRD pattern of the un-doped ZnO NPs is shown in Fig. 1 (Fig. 2d) . However, the FWHM decreases with increasing Er concentration. More intense diffraction peaks of co-doped samples point out that Er doping enhances crystallinity compared to ZnO:(3% Al,1% Er) sample. Interestingly, the XRD pattern clearly shows that there is a shi in the peak position with increasing (Al,Er) content, suggesting a change in the lattice parameters. To characterize in detail the crystalline structure, including both the structural (cell parameters, site occupancy, atomic positions, thermal parameters, etc.) and microstructural parameters (crystallite size, microstrain, preferred orientation, etc.), we have used Rietveld renement method. In this method, the peak shape prole is tted by Voight or Pseudo-Voight functions. 17 The Marquardt least-squares procedure was adopted for minimizing the difference between the observed and simulated powder diffraction patterns and the minimization was carried out by using the reliability parameters R wp (weighted residual factor), R B (Bragg factor) and R exp (expected residual factor).
17, 18 The goodness of t (GoF) is obtained by comparing R wp with R exp (GoF ¼ R wp /R exp ). Renement continues till convergence is reached with the value of the quality factor, GoF approaching 1, which conrms the goodness of renement. The typical renement plots of un-doped and (Al,Er) co-doped ZnO NPs are shown in Fig. 3 where the calculated patterns are shown in the same eld as a solid line curve. The difference between the observed and calculated intensities is shown in the middle eld. The best Rietveld renement is obtained by the introduction of two phases: hexagonal würtzite ZnO with the space group P6 3 mc and trigonal Al 2 O 3 with the space group R 3c:H. The obtained structural and microstructural parameters are listed in Table 2 .
As it can be seen from 23 have reported that the addition of 5% of Er to ZnO NPs lead to increasing the crystallite size from 29.35 to 63.82 nm. These authors suggested that the increase of Er concentrations in ZnO matrix will increase the nucleation of the particles, which enhances the grain growth of ZnO:Er NPs.
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The entering of Er 3+ and/or Al 3+ ions into the ZnO structure may cause the formation of more nucleation center. By increasing Er 3+ ion concentration, the intensity of the diffraction peaks increased and full width at half-maximum (FWHM) decreased. In fact, FWHM of the main pic (101) decreases from 0.58 to 0.40 for 1% and 3% Er, respectively. Similar results were obtained in other system such as Gd doped ZnO. 24 It is interesting that by increasing (Er,Al) doping concentration we saw that the crystallite size is increased. The obtained values are lower than those observed for un-doped sample. This may be attributed to the increase of the defects in the crystal structure, such as oxygen vacancies. Dislocation density (d) that is a measure of the amount of defects in the crystal structure is dened as the length of the dislocation lines per unit volume and it can be found by:
where d is the crystallite size. The results are given in Table 2 .
It is well known that the lattice parameters of a semiconductor usually depend on the following factors: (i) free electron concentration acting via deformation potential of a conduction band minimum occupied by these electrons, (ii) concentration of foreign atoms and defects and their difference of ionic radii with respect to the substituted matrix ion, (iii) external strains (e.g., those induced by substrate), and (iv) temperature. From Rietveld renement, the obtained lattice constants of pure ZnO are a ¼ 3.2495Å and c ¼ 5.2085Å. These values deviate slightly from that of the ideal würtzite crystal (a ¼ 3.2417Å and c ¼ 5.1876Å). This is probably due to lattice stability and ionicity. It has been reported that free charge is the dominant factor responsible for expanding the lattice proportional to the deformation potential of the conduction band minimum and inversely proportional to the carrier density and bulk modulus. 26 The point defects such as zinc antisites, oxygen vacancies, and extended defects, such as threading dislocations, also increase the lattice constant, albeit to a lesser extent in the hetero-epitaxial layers. For Zn 0.95 Al 0.03 Er 0.01 O sample, the lattice parameters a and c of the würtzite phase increases to a ¼ 3.2561Å and c ¼ 5.2109Å. This increase may be attributed to the difference in the ionic radii of Al 3+ (0.54Å) and Er 3+ (0.89Å) as compared to Zn 2+ (0.74Å) one. This result is justied by the shi of (101) main peak toward lower angle (Fig. 2d) . Increasing Er content (2%, 3%) is observed to reduce the lattice parameters as indicated in Table 2 . However, the 
where a and c are calculated lattice constants of ZnO phase from the XRD data. The calculated values are listed in Table 2 .
Morphological observations
The crystallinity, morphology, and size of un-doped and co-doped ZnO nanoparticles were studied using transmission electron microscopy (TEM), as shown in Fig. 4a and d. The ZnO nanoparticles are not monodisperse and the nanoparticles agglomerate each other, which is very common for ZnO nanoparticles using hydrothermal method 28 in consistence with XRD analysis. From HRTEM images (inset in Fig. 4a and d) , the calculated interplanar d-spacing matches closely with the (002) (0.260 nm) and (101) (0.281 nm) plane d-spacing of hexagonal ZnO. 29 In Fig. 4b and e, the selected area electron diffraction (SAED) patterns are presented for the un-doped ZnO and Zn 0.95 Al 0.03 -Er 0.02 O samples, respectively, and the crystalline nature and preferential orientation of the patterns are found to match well with the würtzite structure of the XRD results. The Fast Fourier Transformation (FFT) images shown in Fig. 4c and f shows that it is a typical hexagonal structure consistent with würtzite ZnO.
The TEM images are used to prepare the histogram distribution of the particle size for the un-doped and co-doped samples. As observed Fig. 5 , the histogram distribution is well modeled by a lognormal distribution. The mean particle size that exhibit hexagonal shape, estimated from the TEM micrograph using standard soware (IMAGE J), are found to be 28 and 36 nm for pure ZnO and Zn 0.95 Al 0.03 Er 0.02 O, respectively, which is in good agreement with the mean crystalline size value determined from the XRD data analysis. The particles with such small size have very large specic surface area so that strong local aggregation can be found in the images. Few bigger particles are also seen in the micrograph, which may be due to the aggregation or overlapping of smaller particles. ) show that the chemical composition vary slightly, almost close to the nominal composition. We note that for small concentrations, EDX is not very precise and the detection limit is dependent on the matrix and its surface. Furthermore, the greatest source of error -or at least uncertainty -in qualitative analysis can be found for constituents present at minor (1 < C < 10 wt%) and trace (C < 1 wt%) levels 30 which is the case of Er and Al elements. Fig. 7 shows the magnetization curve measured at room temperature for un-doped and doped ZnO NPs. When ZnO is un-doped, there is no hysteresis loop and the sample is paramagnetic at room temperature. Since bulk ZnO is diamagnetic, the origin of this behavior at nanoscale may be usually linked to defects. 31 Extensive researches have indicated that defects like Zn and O vacancies (V Zn , V O ), oxygen interstitial (O i ) and cation interstitial (i.e. Zn i ) in wide gap oxide semiconductors are possibly the origin of the magnetism. 30 We note that the oxygen deciency exhibits a local magnetic moment.
Magnetic properties
31,32 Therefore, it was reported that ferromagnetism can appear in un-doped ZnO thin lms when Zn vacancies are introduced. 33 The magnetization of very thin ZnO lms was found to be much larger than that of the thicker lms, suggesting that the vacancies must be located mostly at the surface. The origin of this magnetism has been shown theoretically 34 to be due to the unpaired 2p electrons at oxygen sites around the Zn vacancy. In addition, Zn vacancies prefer to occupy the surface sites, and the formation energy of Zn vacancy is higher than that of the oxygen vacancies.
For Zn 0.96 Al 0.03 Er 0.01 O sample, the data show the existence of two components, one is diamagnetic and the other is ferromagnetic. Aer removing the diamagnetic contribution, the magnetization curve exhibits ferromagnetic behavior with a coercive eld of 53.51 Oe (Table 3) . A linear trend is determined in the high magnetic eld region for Zn 0.95 Al 0.03 Er 0.02 O sample which has been assigned to the paramagnetic behavior. However, in the low-eld region, a ferromagnetic contribution is determined. Aer subtracting the paramagnetic contribution, a coercive eld (H C ) of 17.32 Oe has been determined. The ferromagnetic contribution becomes negligible as the Er content is increased to 3% as can be observed in Fig. 7 where the behavior is purely paramagnetic. A similar behavior has been determined for Er-doped SnO 2 nanoparticles.
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There are still debates on the origin of the ferromagnetism in non magnetic elements-doped oxide semiconductors. Similar to that of transition metal doped oxide semiconductors, both element doping, defects and secondary phase are believed to contribute to the ferromagnetism dependent on the materials and fabrication parameters. 28 Therefore, in Eu-doped ZnO thin lms, the ferromagnetism was believed to originate from both the native and the substitutional defects through bounded magnetic polaron (BMP) model. 36 The overlapping of BMP can lead to the ferromagnetism, which is formed by the coupling between the localised carriers from the defects and magnetic dopants within the same region. BMP theory is proposed to explain the ferromagnetism in Er-doped ZnO thin lms as well. 37, 38 The BMP in Er-ZnO is formed by the magnetic exchange interaction between Zn or O vacancies and Er 3+ ions, which leads to the alignment of Er 3+ spins. Moreover, the synthesis method or technique seems to play a major role in the magnetism of these ODMS systems. ZnO:Er lms synthesized by magnetron sputtering technique are reported to exhibit a coexistence of ferromagnetic and paramagnetic phases at room temperature. 37 According to the authors, the strongest ferromagnetic signal has been observed for the 4.0% Er doped sample and that ferromagnetic contribution decreases with the increase of the Er content.
The increase of saturation magnetic susceptibility between 1 and 2% Er can be explained by the effect of Er ion since the magnetic moment attributing paramagnetism only to Er was observed to be 3.612 m B per f.u. for 2% Er (Table 3) . On the other hand, the origin of room-temperature magnetism could be derived from secondary phase. In fact, Li et al. have conrmed recently by the rst-principle calculations, that Al-vacancy can introduce magnetic moment for 3 m B in Al 2 O 3 crystal and form stable V Al -V Al ferromagnetic coupling at room temperature.
39,40
Ma et al. observed RT FM in Al doped ZnO aer vacuum annealing and ascribed it to the charge transfer between Al and ZnO, which can cause the electronic structure alternation of Zn and Al. 41 so, when analyzing the magnetic properties of these nano-oxides, it is particularly important to ensure that there is no contamination due to the use of iron based tools in any step of the sample handling. Increasing Er content to 3% lead to a drop in estimated magnetic susceptibility to about 3.32 Â 10 À4 m B per f.u. (Table 3) as compared to 2% Er doped sample (6.67 Â 10 À4 m B per f.u.), could be due to an increasing occurrence of antiferromagnetic coupling or super exchange interaction between neighboring ions at shorter separation distances, which was similar to the doped oxide semiconductor lms like Cu-doped ZnO and Erdoped ZnO. 38, 44, 45 Similarly, SnO 2 :Er nanoparticles prepared by sol-gel method show only the occurrence of a paramagnetism with the presence of a weak Er-Er antiferromagnetic interactions, which become stronger as the Er concentration increases. 46 In fact, a strong paramagnetic-like behavior coexisting with a ferromagnetic order at room temperature has been determined for samples with Er content up to 5.0%. Above this concentration, only a paramagnetic behavior has been determined.
For proper investigation of the magnetic properties of Zn 0.95 Al 0.03 Er 0.02 O nanoparticles, the temperature dependence of the magnetic moment has been estimated at a constant magnetic eld of 100 Oe. The behavior of the curve shown in Fig. 8 is a Curie type paramagnet, which is a type of magnetism resulting from the presence of atoms with unpaired electrons. Curie-type paramagnetism has a particular temperature dependence:
where, c m is molar susceptibility in (emu/mass/molecular weight/eld); C m is the molar Curie constant in (emu K mol À1 ). The plot of the inverse magnetic susceptibility versus temperature is very useful for characterizing Curie paramagnets (Fig. 9) . The curve is tted with a Curie-Weiss linear relation for the high temperature region. The slope of the curve is 1/C m and the Curie constant is given as:
where P eff is known as the effective magnetic moment, b is the universal constant and N is the concentration of magnetic atoms with that moment. The calculated values are listed in Table 3 . Extrapolation of the inverse susceptibility data in the high temperature region gave negative Curie-Weiss temperatures of À73.46 K. The negative value of temperature indicates the antiferromagnetic interactions between doping ions. Such antiferromagnetic interactions were also reported earlier by several researchers in Co and Mn doped ZnO systems. 47 The calculated effective magnetic moment of co-doped ZnO NPs are listed in Table 3 . The results show that the magnetic moment of Er is smaller indicating that not all Er atoms contribute to the ferromagnetic behaviour. The Er and Al co-dopings were simulated by substituting four Zn atoms in the supercell with ve different congurations. The concentration of dopants is 3.704 at%. The concentration of dopants is hard to decrease to close to the experimental value due to huge computation consume. The ferromagnetic (FM) and antiferromagnetic (AFM) orderings of the doped systems are simulated by altering the magnetic moment of the Er. The GGA + U (ref. 54 ) method was used to describe the exchange and correlation potential. The on-site Coulomb interaction U eff ¼ 5.5 eV and 5.0 eV is employed to describe the correlation effects in localized f orbital of Er and d orbital of Zn. 3.4.2 Formation energy and phase stability. Formation energy of the Er and Al doped ZnO is evaluated via the denition below,
where E X is the total energy of the X system under ground states. The N, N Er and N Al are the numbers of Zn and dopants Er and Al atoms, respectively. The magnetic ordering of doped systems can be evaluated by comparing the formation energies of FM and AFM congurations. Five different congurations of Er and Al co-doped ZnO systems with different distance between Er and Al are considered as shown in our previous study. 55 The distance between Er and Al changes from 3.2 to 9.2Å in these simulated cells. Table 4 shows the formation energies of Er and Al co-doped systems with different congurations 'a' to 'e'. All co-doped congurations show negative formations energies indicating the Er and Al can be thermodynamically doped into ZnO. The AFM and FM magnetic orderings almost own same formation energies indicating the similar stabilities. Therefore, the total magnetic moments of these doped systems are almost the zero. For the Er doped systems, four different congurations are considered (a is equivalent to b conguration). The Er-d system is the most stable conguration among the studied systems. Its magnetic moment is 0.034 m B per cell, and therefore it shows weak FM property. However, there are some discrepancies with our experimental ndings, which may be caused by the inu-ence of defects and the segregations of Er element and/or the secondary phase.
In order to study the inuence of dopants on the electronic structures and magnetic properties, the band structures of the most stable Er and Al co-doped, and Er doped systems are evaluated and shown in Fig. 10 . These two doped systems show similar band structure, except the different band gap. The Al pulls about 0.6 eV closer the conduction band to the valence band comparing the Er solely doped system. Therefore, the further doping of Al can adjust the band gap in Er doped systems. Furthermore, the Er and Al co-doped systems almost have no spin-polarization, i.e., the spin-up and spindown band overlaps well. There are small difference between spin-up and spin-down band, which causing small magnetic moments.
Conclusion
In this study un-doped and (Al,Er) co-doped ZnO NPs have been successfully synthesized by hydrothermal method. The XRD results show that all doped samples have hexagonal structure with the preferential orientation along the (101) and low amount of aAl 2 O 3 secondary phase. The ZnO crystallites are in the nanometer range. The TEM results display that the incorporation of Al and Er ions in crystal structure of ZnO can't change the morphology of ZnO NPs. The magnetic properties are found to change with varying dopant content. The ab initio calculations reveals that Er and Al co-doped systems are thermodynamically stable. The Al can adjust the band gap of the Er doped system and hardly change the distributions of electronic structures. 
